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ABSTRACT KEYWORDS

In this contribution, we present the triple frequency long baseline Long baseline RTK; partial
RTK algorithm and assess the contribution of QZSS to multi-GNSS ambiguity resolution; wide
RTK. The impacts of multi-GNSS broadcast orbit errors, ionosphere, lane; ambiguity dilution of
and troposphere errors on the long baseline RTK are analyzed. To ~ Precision; time to first fix

assess the contribution of QZSS, multi-GNSS data are collected in

Japan. The analysis of the results demonstrates that with the

introduction of QZSS observations, the ambiguity dilution of pre-

cision of the long baseline RTK is considerably reduced in compar-

ison with the GPS-only or GPS+Galileo scenarios. The convergence

time and instantaneous RTK performance can be significantly

improved when combined with other GNSS systems.

1. Introduction

RTK is a well-known technique for achieving millimeter to centimeter-level positioning
accuracy. In comparison with precision point positioning (PPP), RTK has the advantage of
a lower dependence on the precision of a satellite’s orbit and clock to achieve an
instantaneous fixed solution for a short baseline using broadcast ephemeris, assuming
that the difference of the satellite-dependent and atmosphere-dependent errors from
the base station to rover station could be substantially eliminated. However, for medium
or long baselines, the correlations of these common errors from satellite orbit, iono-
sphere, and troposphere differences decrease between two stations and is no longer
negligible (Li et al. 2010a; Takasu and Yasuda 2010; Odolinski et al. 2014). Many
researchers have investigated the performance of long baseline RTK considering tropo-
sphere and ionosphere differences. The conventional method uses ionosphere-free (IF)
combination to eliminate ionosphere delay (Feng 2008). A wide lane (WL) or narrow lane
(NL) combination can be used for integer ambiguity resolution (AR). However, IF combi-
nation doesn't effectively exploit ionosphere delay information by eliminating it, which
could increase the time for the re-convergence of ambiguity after signal loss. Therefore,
raw code and phase measurements are usually used, and the ionosphere delay is

CONTACT Nobuaki Kubo @ nkubo@kaiyodai.ac.jp
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estimated as a parameter (Takasu and Yasuda 2010). To improve the ambiguity fixing
rate, Li et al. (2014) improved this method by adding WL and NL ambiguity estimation.

With the development of other GNSS systems, such as Galileo, BeiDou, and QZSS,
multi-GNSS RTK could significantly improve the positioning performance in ambiguity
dilution of precision (ADOP), success rate, fixing rate, and accuracy (Chu and Yang
2014, Odolinski et al. 2015a, Li et al. 2017, Odolinski and Teunissen 2017). In addition,
Galileo, BeiDou, and QZSS provide a three-frequency or even a four-frequency signal.
GPS Block IIF also supports an L5 signal besides L1 and L2, which indicates that multi-
frequency positioning is very promising for future multi-GNSS. Using a triple-
frequency, more linear combinations could be formed and would benefit long base-
line RTK. For instance, the ambiguity of extra-wide-lane (EWL) could be fixed by
integer rounding because of the long wavelength of EWL (Feng and Li 2008).
Ambiguity fixed EWL observations can be regarded as new code measurements
with much smaller noise that could facilitate fast ionosphere and ambiguity estima-
tion (Li et al. 2010b, Chu et al. 2016).

As a regional augmentation system to GPS, QZSS announced the provision of official
service from November 2018. Consisted of 3 IGSO satellites and 1 GEO satellite, QZSS was
designed to cover regions of East Asia and Oceania centered about Japan and could enhance
other GNSS systems in terms of availability and positioning performance (JAXA 2017). Takasu
et al. (2009) first evaluated the effect of a simulated 7-QZSS satellite constellation regarding
single point positioning (SPP) and RTK. Kubo et al. (2011) reported on the improvement of RTK
using real GPS/QZSS data after the launch of the first QZSS satellite. Since then, the perfor-
mance of multi-GNSS combined with QZSS has been investigated (Kitamura et al. 2014,
Odolinski et al. 2014, 2015a, Odijk et al. 2017, Odolinski and Teunissen 2017). However, the
contribution of QZSS was not analyzed in detail, possibly because there was only one QZSS
satellite at the time. Recently, Zhang et al. (2018a) and Zhang et al. (2018b) assessed the
performance of QZSS augmenting GPS and BDS including short baseline RTK in the Asia-
Pacific area using the four-satellite QZSS constellation. Zaminpardaz et al. (2018) explored the
standalone RTK performance and considered the troposphere impact on a 8 km baseline.
Although it is expected that QZSS could also benefit medium or long baseline RTK, there are
limited relevant studies on the newest QZSS constellation with four satellites.

To assess the contribution of QZSS in long baseline RTK, this study presents the first result
of QZSS combined multi-GNSS long baseline RTK performance in Japan. A brief introduction
of the triple-frequency based long baseline RTK algorithm is described in Section 2. Then,
the impacts of double differenced satellite orbit, troposphere, and ionosphere delay in the
long baseline are investigated using real data. In addition to the RTK performance of
different lengths of baselines, the contribution of the QZSS system in terms of ADOP, RTK
accuracy, convergence performance, and instantaneous ambiguity resolution performance
is evaluated. Finally, the main points are presented in the conclusion.

2. Long baseline RTK algorithm
2.1. Conventional RTK model

The double-differenced (DD) observation between base and rover stations can be
simplified as (Odolinski et al. 2015b):
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VAP¢ = VAp + mVAT + as VAl + VAep,

VA®; = VAp + mVAT — aVAI + AVAN + VAep,’ (1)

where VA is the DD operator, A is the wavelength on frequency f, P and @ represent the
code and carrier phase observations, respectively, p is the geometry distance between
the receiver and satellite, T represents the zenith troposphere delay, m is the mapping
function, | represents the slant ionosphere delay, a is the frequency-depended coeffi-
cient, N denotes the carrier phase ambiguity, andep and &p include other modelled
errors, multipath, and observation noise.

For short baseline RTK (<10 km), the double-differenced troposphere and ionosphere
delay are small enough that they can be ignored. Therefore, the remaining parameter to
be estimated is the coordinate of the rover station and the double-differenced ambi-
guity. This is the so-called ionosphere-fixed model (Odijk 2000, Teunissen and
Montenbruck 2017). For long baseline RTK, the zenith troposphere delay and slant
ionosphere delay cannot be canceled and must be estimated as parameters. If the
ionosphere delay can be incorporated in some form of constraint, the model is referred
to as the ionosphere-weighting model (Odijk 2000).

After linearization of Equation (1), the observation equation can be written in com-
pact form as follows:

y = Gx
T (2)
R= E[ee'], E[gf =0
where y is the pre-fit residuals after linearization and G is the design matrix, X represents
the unknown parameters including the baseline components, troposphere, ionosphere,
and ambiguity in the long baseline RTK. R is the variance-covariance matrix calculated
from an elevation dependent stochastic model:

— (05422 @)
°= '+sin(Ele) oo

where Ele is the satellite elevation and gy is the observation noise in the zenith direction,
which is set as 0.3 m and 0.3 cm for code and carrier phase observations, respectively.

The parameters can be estimated by applying classical Kalman Filtering (KF) as
follows:

f([ = (Dkf?‘l:q
Py = (DkqP;(H(D k=1 + Qi—1
-1
K = P, G [GkP;k G+ Rk} (@)
X = % + Ki[y, — G, |
Pf(k = “—Kka]P;k

where ® is named the transition matrix between epoch k-1 and k and defines the
propagation between the estimated parameter x and predicted parameter X, Q is the
process noise matrix between the variance-covariance matrix P and the predicted P™. K
is the well-known Kalman Gain matrix that indicates the change between the predicted
and estimated parameters.
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The parameter could be estimated epoch-wise using the KF. Once the float
ambiguity is fixed to an integer value using the LAMBDA method, the fixed solution
and variance-covariance matrix can be updated as follows (Teunissen 1995; Verhagen
and Li 2012):

b=b-Q;,Q;)(a~a) )
Q. =Q; — QQa 'Q;
where Q is part of the variance-covariance matrix, ais the float ambiguity, a is the fixed
ambiguity andbrepresents other real-valued parameters including coordinates.
However, with the increase of the satellite number in multi-GNSS, it is not easy to fix
all ambiguities using the traditional LAMBDA method, especially for long baseline RTK
when the model strength is too weak (Verhagen and Teunissen 2013, Odolinski et al.
2015b). To overcome this problem, an improved partial ambiguity resolution (PAR) is
proposed (Teunissen et al. 1999; Verhagen and Li 2012). Research has shown that PAR
benefits long baseline RTK in terms of the convergence time and ambiguity fixing
success rate (Parkins 2011, Gao et al. 2015, Zhang et al. 2016). In this study, a data
driven with two-step criterion PAR method is adopted (Hou et al. 2016).

2.2. Wide-lane and extra-wide-lane observations

For the new generation of GPS satellites, observation data at L1, L2, and L5 frequencies
are available. The wavelength of WL and EWL ambiguity is 0.86 m and 5.86 m, respec-
tively (Feng and Li 2008; Gao et al. 2015), which indicates that it is easy to fix the
ambiguity, although it also amplifies ionosphere and observation noise. For WL AR, the
LAMBDA method can be applied, whereas integer rounding is sufficient for EWL AR. In
comparison with raw L1/L2 AR, WL AR is easier to fix and is, therefore, helpful for raw L1/
L2 AR.

For triple-frequency GNSS data, EWL ambiguity can be fixed by simply rounding to
the nearest integer using the geometry-free model (Gao et al. 2015). Then, EWL observa-
tion can be regarded as code measurement, which could be useful for fast WL AR. Unlike
EWL AR, geometry-free WL AR is at risk to fix ambiguity by simple rounding method due
to the noise from code measurement. Therefore, it is usually based on a geometry-based
approach. Based on EWL observation, the WL AR model can be expressed as

X
e ©

where V is the pre-fit residuals of the observation vector, B is the geometry vector of the
baseline coordinate X, and | is a unit vector of WL ambiguity Ny, .

In Equation (6), it should be noted that the effect of double-differenced ionosphere
delay is not considered. For a certain baseline at a specific cut-off elevation, the impact
of the ionosphere in WL AR can be ignored. The detailed reason will be discussed in the
next section.

Vp
Ve, | _
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VewL

1

W™ >®
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After fixing the WL ambiguity, the WL observation could be again regarded as a code
measurement with much smaller noise than the raw code measurement. Therefore, the
WL assisted raw long baseline RTK model is as follows:

A B 0 0 m ] X

VPZ B 0O 00 m é NL1

v, |= B I 0 m 7;' N, 7)
VL, B O I m — Cd Trop
Vi, B OOmM [ lon

where WLg, denotes the WL observation after ambiguity fixing, m denotes the
mapping function of the troposphere, and Trop and lon stand for the estimated zenith
troposphere and slant ionosphere delay, respectively.

2.3. Troposphere and ionosphere weighting

With the additional estimated parameters including troposphere and ionosphere in
long baseline RTK, the correlation among different kinds of parameters increases. As
such, more time is required for ADOP to convergence to a sufficiently small level
(Odijk and Teunissen 2008, Odolinski et al. 2015b). In Equation (7), the double-
differenced troposphere and ionosphere are estimated together with station coordi-
nates and ambiguity. To strengthen the AR model, an appropriate constraint could be
added to an ionosphere-weighting model for long baseline RTK for fast convergence
and correct AR in KF.

The newest global troposphere models, such as GPT2w, have a precision of 5 cm
(Bohm et al. 2015). For the residual troposphere and ionosphere delay, as the epoch-
difference troposphere and ionosphere delay vary within a certain value, which implies
that they could be estimated as random walk parameters with a defined process noise
in KF.

Given that troposphere error is distance and height related (Teunissen and
Montenbruck 2017), after numerous experiments over Japan, the zenith troposphere
constraint and random walk noise in each epoch are applied as follows:

Ptropg = (log(1+D-5-107%)-0.05+H-5-107°)
Qirop = (log(1+D-107°)-0.02 + H-107°) /1/3600 - At

where D represents the station distance, H is the height difference in meter and At is the
epoch time difference in second.

Taking a baseline of 100 km with a height difference of 100 m as an example,
according to Equation (8), the constraint on the troposphere is set as 0.2 m and the
process noise is 0.015m/v/h.

For ionosphere delay, the vertical difference is between 2-50 ppm depending on the
station latitude and solar activity (Wanninger 1993, Foster 2000). Considering that the
estimated ionosphere is the slant delay, the constraint and random walk noise on the
ionosphere should be modeled not only by the baseline length and latitude depen-
dence but should also be elevation related. In this study, it is roughly expressed as
follows:

(8)
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Pionco = (D -5 - 107° -exp((90 — lat)/50 — 1)) /sin(ele)
Qiono = (D -5 - 107 - exp((90 — lat) /50 — 1)) /sin(ele)v/3600 - At

where lat is the average latitude of two stations and ele is the elevation of the satellite.

For a baseline of 100 km at a latitude of 35° the zenith ionosphere constraint and
random walk step on the vertical are 0.55 m and 0.55m/\/ﬁ, respectively, i.e., approxi-
mately 5.5 ppm. This maps to 1.62 m and 1.62m/\/ﬁat an elevation of 20°. When the
station is in the equatorial region, the magnitude at the vertical is approximately
11 ppm. However, it should be noted that Equation (9) does not consider the factor of
solar activity.

2.4. Triple frequency long baseline RTK

To summarize this section, the flowchart of triple frequency long baseline RTK could be
described as shown in Figure 1. According to the figure, the WL normal equation is
formed according to the geometry-based WL observation and geometry-free EWL
observation, by setting an appropriate cut-off elevation and applying PAR, it is possible
to fix the WL ambiguity. Once the WL ambiguity is fixed, it can be regarded as a ‘pseudo-
range’ observation in combination with the raw code and carrier phase observation for

] ] WL(L1L2
[ WL_NEQ J [Float Solution J Pseu(;o-ran)ge

'R
Exta- WL
(L2L3) L1L2_NEQ

'R

Float Solution

~——

PAR Fixed PAR not Fixed
Fix Solution

Figure 1. Flow chart of triple frequency long baseline RTK.

Float Solution




JOURNAL OF SPATIAL SCIENCE (&) 7

the L1 and L2 frequency. Using PAR, the ambiguity can be resolved, and the fixed
solution is derived. Otherwise, the output would be the float solution.

3. Experiment setup and analysis

To validate the contribution of QZSS in long baseline RTK, four pairs of baselines
variations from 60-200 km near Tokyo on November 10th, 2018 were selected and
the location of the stations are depicted in Figure 2. These stations are operated by the
Geospatial Information Authority of Japan (GSI) and they are all equipped with a Trimble
NetR9 receiver at a data sampling of 30 s, which can receive GPS+GLONASS+Galileo
+QZSS data (No BDS data is provided). Given that GLONASS is affected by inter-
frequency bias (Wanninger 2012), in this study, we use GPS+Galileo+QZSS data for
analysis. According to Odijk and Teunissen (2013) and Odijk et al. (2017), there exists
a differential inter-system bias (DISB) in both code and phase for mix multi-GNSS RTK.
However, for identical receivers, this DISB can be ignored. For the selected baselines in
this study, we regard GPS and QZSS as the same system, and the DISB is absent at the
same frequency of L1, L2, and L5. For Galileo, it is treated as a standalone system.

To fully understand the difference between short and long baseline RTK, the pro-
jected impacts of satellite orbit, troposphere and ionosphere errors on long baselines
will be analyzed in this section.

3.1. Broadcast orbit difference

Generally, long baseline RTK adopts rapid or ultra-rapid precise orbit in post-processing
to reduce the impact from satellite orbit difference. For real-time users, broadcast
ephemeris is more convenient to access because it doesn’t require real-time orbit and

138" E 139" E 140" E 141" E

Figure 2. Four selected baselines near Tokyo. The yellow point is the base station and the red points
represent four rover stations.
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clock correction streams. Therefore, it is necessary to analyze the impact of broadcast
orbit in long baseline RTK.

Although the satellite clock error can be ideally eliminated after station difference,
the satellite orbit error cannot be ignored because of the line of sight (LOS) difference
from each station. Theoretically, the impact on LOS from satellite orbit can be expressed
as follows (Teunissen and Montenbruck 2017):

D
Ar< §~As (10)

where As denotes the satellite orbit error and Ar is its bias in LOS, D represents the
baseline length and S is the geometry distance from the satellite to the receiver. Using
this equation, we can estimate that an orbit error of 0.5 m on a baseline of 100 km has
an impact of at most 0.23 cm difference (assuming the geometry distance is 22,000 km).

To validate the impact with real data, the two baselines at 60 km and 194 km were
selected as an example, which is the extreme case of the four long baselines. The IGS
final orbit and broadcast orbit were used to compare the double-differenced error in
LOS. The 12-hour difference of the GPS/Galileo/QZSS is shown in Figure 3.

From the figure, it is evident that for the 60 km baseline, most of the double-
differenced orbit errors for GPS, Galileo, and QZSS are within 0.5 cm, except for J0O7,
a GEO satellite of QZSS. When the baseline length is extended to 194 km, most of the
difference is within 1 cm, whereas for Galileo, the value is still well below 0.5 cm. This
indicates that the orbit error of Galileo is better than that of GPS or QZSS, which has
been proven by Montenbruck et al. (2017). It should be pointed out that the jumps of
the difference in the figure is due to the change of the pivot satellite or the broadcast
ephemeris. For instance, as shown in the dashed rectangle of 60 km baseline difference
of QZSS and GPS, the pivot satellite changes from J02 to G32 at 07:34:30 and leads to
a 2 mm jump for all GPS and QZSS satellites. Due to the ephemeris change at 07:00:00 of

0.02 "60 km baséliné QZSS | [ 60 km baseline GPS | [60 km Baseline Galileo

0.01

(1

cm
o

L

-0.01

194 km baseline QZSS | 194 km baseline GPS | 194 km baseline Galileg

cm
o

LR WS

-0.01

-0.02 -
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Time (h) Time (h) Time (h)

Figure 3. Broadcast orbit difference for baselines of 60 km (top) and 194 km (bottom). The three
subplots from left to right are for QZSS, GPS, and Galileo, respectively. The jumps in the results are
due to the change of the pivot satellite or the broadcast ephemeris.
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G20, the difference on 194 km baseline reduces from —2.6 cm to —0.7 cm. Nevertheless,
the magnitude of the orbit difference is sufficiently small and can be ignored for
baselines less than 200 km. Therefore, the broadcast ephemeris is used in this study.

3.2. Troposphere difference

As previously indicated, the zenith troposphere delay can be corrected using
a precise troposphere model at a precision of 5 cm. For RTK within a certain distance,
the troposphere difference would be smaller because it is spatially correlated.
However, the difference may be amplified after mapping to the slant direction,
especially for satellites at low elevation. For float solutions like PPP, the influence
of this mapping enlargement could be reduced by appropriate observation weight-
ing. However, for integer AR solutions in RTK, the slant troposphere error affects AR
performance.

Precise double-differenced troposphere error can be derived by fixing the station coor-
dinates provided by GSI daily solutions and applying precise IGS final orbits. Figure 4
represents a plot of a one-day slant troposphere difference for the four baselines. With
the decrease in the satellite elevation, the troposphere difference significantly increases due
to the troposphere mapping factor. For a baseline of 60 km, the maximum troposphere
difference is within 10 cm at an elevation of 10°. With the increase in the baseline length, the
troposphere difference increases. This is expected as the spatial correlation of the tropo-
sphere decreases. The result also indicates that the troposphere difference can be estimated
as a random walk model, and the setting of the troposphere constraint in Equation (8) is
quite loose. For WL AR in Equation (6), the troposphere can still be ignored at an elevation
above 20° for baselines within 200 km.

0.2
60 km baseline 108 km baseline

0.1

Elevation (°) Elevation (°)

Figure 4. Troposphere difference for four baselines ranging from 60 km to 194 km at a cut-off
elevation of 10°. The x label represents the satellite elevation.
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0 20 40 60 80 0 20 40 60 80
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Figure 5. lonosphere difference for four baselines ranging from 60 km to 194 km at a cut-off
elevation of 10°. The x label represents satellite elevation.

3.3. lonosphere difference

Compared with the troposphere, the ionosphere difference is usually considered to have
a much more severe impact in long baseline RTK (Gao et al. 2015; Teunissen and
Montenbruck 2017). By correcting the troposphere difference and fixing the station
coordinates, the ionosphere difference and the ambiguity can be obtained. Similar to
the troposphere, the difference for the four baselines is presented in Figure 5 for the
one-day result.

Similarly, it can be observed that the ionosphere difference also exhibits an elevation
depending on the relationship, and the magnitude differs at the length of the baseline.
For the 60 km baseline, the ionosphere difference is within 0.3 m, while it can exceed
1 m for the 194 km baseline. For WL AR, users should carefully choose the cut-off
elevation when the ionosphere-fixed model is applied. For a tolerance of 20 cm iono-
sphere difference, a cut-off elevation of 20° is suitable for 60 km baseline, while for the
194 km baseline, this threshold should be higher than 40°.

4, Contribution of QZSS in long baseline RTK

Section 3 proves that broadcast ephemeris difference can be ignored for baselines
within 200 km, whereas the troposphere and ionosphere difference must be estimated
as parameters in long baseline RTK. In this section, we present the contribution of QZSS
in long baseline RTK based on the algorithm presented in Section 2.

4.1. Multi-GNSS tracking analysis

Using the data collected on the base station, the satellite number and elevation change
are depicted in Figures 6 and 7. It is evident that there are always three or four QZSS
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Figure 6. Visible satellite number at the base station with a cut-off elevation of 10°. G denotes GPS,
E denotes Galileo and J denotes QZSS.
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Figure 7. Satellite elevation change at the base station with a cut-off elevation of 10°.

satellites near Tokyo and more often than not, one of the IGSO satellites of QZSS is the
highest elevation satellite. This is from the unique design of QZSS to stay for longer
periods for the region of Japan (JAXA 2017). From Figure 6, it is evident that there are
currently not many Galileo satellites over Japan. For the following analysis of multi-GNSS
RTK, Galileo is combined with GPS and QZSS.

The GEO satellite of QZSS is always at an elevation of 46° at the base station. Based on
the GNSS View (http://app.qzss.go.jp/GNSSView/gnssview.html), it can be determined
that the satellite elevation of the QZSS GEO satellite ranges from 25° to 55° over
mainland Japan. At Okinawa (most southern island of Japan), the elevation of the GEO
satellite is 60° and one can always observe 4 QZSS satellites at a cut-off elevation of 10°.
This is expected to contribute to positioning performance in combination with other
GNSS systems.

To further illustrate the contribution of QZSS on the positioning model, the position
dilution of precision (PDOP) value of QZSS combined with GPS and Galileo at the base
station is plotted in Figure 8. When combined with QZSS, the mean PDOP improves from
1.51 to 1.23 for GPS, whereas for GPS+Galileo, the benefit is 1.10 versus 0.98. From
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Figure 8. PDOP value for different GNSS combinations at the base station with a cut-off elevation of
10°. The upper subplot compares GPS+ Galileo and GPS+Galileo+QZSS, and the lower subplot
compares GPS and GPS +QZSS.

Figure 8, it can be determined that after the combination with QZSS, the PDOP change
becomes much smoother, especially in the case of GPS.

In the case of AR, ADOP is a critical concept that describes the success rate of AR.
According to Teunissen (1997), ADOP can be defined as

ADOP = \/|Q[,|; (cycle) (11)

where Q; is the variance-covariance matrix of float ambiguities, || is the determinant of
the matrix, and n is the dimension of the ambiguity vector.

As determined by Odijk and Teunissen (2008), if ADOP is smaller than 0.14 cycles, the
AR success rate is larger than 0.99.

To analyze the contribution of QZSS, the ADOP value is computed using the 60 km
baseline in the long baseline RTK mode introduced in Section 2. For a better compar-
ison, the Kalman Filter is re-initialized every half hour and the results of the first four
sessions are depicted in Figure 9. Based on a comparison, it can be shown that the
convergence of ADOP approaches 0.14 cycles much quicker after combining with QZSS
in the case of GPS and Galileo. The one-day statistical result shows that with the
contribution of QZSS, the convergence time of ADOP to 0.14 cycles decrease from
11.5 min to 5.4 min for GPS and from 6.4 min to 4.2 min for GPS+Galileo, which
would undoubtedly accelerate the AR convergence time for long baseline RTK. It is
interesting to note that the contribution of QZSS is higher than Galileo on GPS, although
more Galileo satellites can be tracked than QZSS in Japan. This may because that GPS
and QZSS are regarded as the same system and they share the same pivot satellite, while
Galileo is a standalone system.

4.2. Multi-GNSS long baseline RTK performance

Following the algorithm described in Section 2, the RTK result can be obtained for the
four baselines. According to the analysis in Section 3, the cut-off elevation is set as 40° in
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Figure 9. ADOP value for different GNSS combination. The red dashed line refers to an ADOP value
of 0.14 cycles. The filter is re-initialized every half hour. The upper subplot compares GPS+Galileo
and GPS+Galileo+QZSS, and the lower subplot compares GPS and GPS +QZSS.

the step of WL AR. By applying a continuous AR mode in the Kalman Filter (Takasu and
Yasuda 2010), the minimum success rate is set as 0.99 in PAR (Verhagen and Li 2012) and
the threshold of the ratio is set as 2.0 because the model strength is not very strong
(Verhagen and Teunissen 2013). To reduce the impact of noise from low elevation
satellites, the cut-off elevation is set as 10° for the float solution of the Kalman Filter
and 20° in the procedure of ambiguity fixing.

To evaluate the RTK performance, the AR fixing rate is defined as follows:

n .
fixing_rate = % (12)

where ngy is the correct fixed solution number and n is the total epoch number. The
correct fixed solution implies that the ratio value is higher than 2.0 and the positioning
error is less than 20 cm compared to the post-processed reference coordinate provided
by GSI.

Figure 10 summarizes the continuous RTK results including positioning RMS in the
horizontal and vertical directions (fixed solutions) and fixing rate using the 24 h data on
November 10th, 2018. For a specific observation of long baseline RTK performance, the
GPS-only and GPS+QZSS RTK performance at the 173 km baseline are also plotted in
Figure 11.

From Figures 10 and 11, it can be determined that with the increase of the baseline
length, the RTK precision and fixing rate would decrease slightly. Among all the different
GNSS combinations, GPS-only long baseline RTK shows the worst result. When QZSS is
combined, the performance greatly improves in terms of positioning accuracy and fixing
rate. Nevertheless, the overall precision in RMS is within 2 cm in the horizontal and 4 cm
in the vertical, and the fixing rate is also higher than 97%. The float solution mainly
comes from the convergence period. Meanwhile, it should be noted that for long
baseline RTK, given that the model strength is usually too weak, this would lead to
a wrong fix and false rejection in LAMBDA (Verhagen and Teunissen 2013), especially for



14 Y. ZHANG ET AL.

[ G N G+ N G+E N G+E+J

0.02 T
RMS of Horizontal Error

€ 0.01f .

RMS of Vertical Error

Fixing rate

60 km 108 km 173 km 194 km

Figure 10. Continuous long baseline RTK statistic of four baselines: RMS of horizontal error (top);
RMS of vertical error (middle); Fixing rate (bottom).
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Figure 11. RTK performance for the 173 km baseline of GPS (left) and GPS+QZSS (right). The three
subplots from top to bottom mean positioning error at North, East and Up direction. The blue point
represents the float solution and the green point represents the fixed solution after LAMBDA.

our strategy of data-driven PAR, which can also be observed in Figure 11. However, the
establishment of a more reliable AR decision strategy is beyond the discussion of this

paper.

4.3. Convergence performance

For long baseline RTK, users may be more concerned about the convergence perfor-
mance, or the time to first fix (TTFF). Although the analysis in Figure 9 already demon-
strates that the convergence time of the ADOP value would significantly speed up with
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the contribution of QZSS and the fixed solution could be derived within several minutes,
it is still necessary to investigate the general convergence performance base on statis-
tical positioning result.

To evaluate such performance, we re-initialize the long baseline RTK every 30 minutes.
For each baseline, there are 48 sessions per day. The TTFF performance is executed for
each session and the correct fixing rate of the four baselines for different GNSS
combination are compared in Figure 12. Figure 13 gives detailed vertical positioning
results for each session by comparing GPS+Galileo and GPS+Galileo+QZSS at the 173 km
baseline. As the float solution mostly comes from the initialization period, the fixing rate
also indicates the performance of TTFF.

In this case, it is evident that the fixing rate of GPS-only long baseline RTK is quite low.
For the baseline at 60 km, the fixing rate is only 43.5 %, which implies that the mean
TTFF is approximately 16.9 min. When QZSS is combined, this value could dramatically
improve to 4.8 min. For other baselines, it shows similar results and the mean TTFF

Fixing rate
100 T T T T
[ G I G+) N G+E I G+E+J
80 1
60 [ 3
®

40 | 4
20 1

60 km 108 km 173 km 194 km

Figure 12. Fixing rate for the four baselines of different GNSS combination.

U Err (m)

U Err (m)

Time (h) 2018/11/10

Figure 13. RTK solution in the Up direction for the 173 km baseline of GPS+Galileo (top) and GPS
+Galileo+QZSS (bottom). The green point represents the fixed solution, the blue point represents
the float solution, and the red dashed line separates every 30 min re-initialization session.
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improves from 21.3 min to 10.1 min for GPS when combined with QZSS. This is worse
than the ADOP convergence performance analyzed in Figure 9. As for GPS+Galileo, the
mean TTFF is 7.3 min, which then decreases to 4.3 min after combining with QZSS.
Unlike ADOP performance, the contribution of QZSS on TTFF is not as good as Galileo on
GPS. This may due to the difference between model and real data. As ADOP is an ideal
model that based on the covariance matrix and assuming that the observation errors
follows standard Gaussian distribution. Therefore, ADOP may indicate the AR perfor-
mance, but is still different from real AR performance using real data. Generally, with the
increase of baseline length, the TTFF performance decreases slightly, which is expectable
given that the constraint model of ionosphere and troposphere may be less accurate.

4.4. Instantaneous RTK

Instantaneous RTK or single epoch RTK is also a method to assess RTK performance. It
can be regarded as an extreme situation of TTFF. If correct AR could be derived from one
single epoch, it implies that the TTFF is zero. For short baseline RTK, instantaneous single
epoch AR is easy to achieve using multi-GNSS or multi-frequency data (Odolinski et al.
2015a). However, in the case of long baseline RTK, single epoch RTK is almost impossible
with a reliable success rate of 0.99 because the ADOP value needs time to convergence
to 0.14 cycles (Odolinski et al. 2014). This can also be verified in Figure 9. Therefore, for
the test of instantaneous RTK, we set the minimum success rate as zero, which implies
that the success rate is not considered, and we only rely on the ratio test. Although this
may lead to wrong fixed results, based on experience, a wrong fixed solution is usually
better than a float solution.

We apply instantaneous RTK in the long baseline to evaluate the contribution of QZSS
for this kind of RTK mode. Given that the success rate is not considered, the indicator of
the fixing rate is no longer persuasive, so we only focus on positioning accuracy. To
evaluate the positioning accuracy, the percentage of the expected three-dimension (3D)
positioning error is calculated. Figures 14 and 15 depict the accumulation of 3D
positioning error for different GNSS combination of four baselines. It is evident that
using QZSS, positioning accuracy of instantaneous RTK would dramatically improve.
Compared with GPS or GPS+Galileo, the accuracy of the 95% confidence level would
improve by a factor of two when QZSS is utilized, which indicates that it contributes
a more stable positioning result in the instantaneous RTK mode. It is promising to see
that decimeter positioning accuracy can be achieved for the GPS+Galileo+QZSS combi-
nation at the 95% confidence level. Meanwhile, for 60 km baseline, the trend of
positioning error accumulation is steeper, which is attributed to the higher fixing rate.

5. Conclusions

In this study, we present the triple frequency long baseline RTK algorithm. This algorithm
exploits the geometry-free based instantaneous EWL AR and fast geometry-based WL AR.
To improve the ADOP value of raw observations based on the long baseline RTK, the
impact of orbit, troposphere and ionosphere difference is analyzed and some appropriate
constraints should be added to the function model. Based on the analysis of the results, it is
concluded that the influence of broadcast orbit could be ignored for baselines within
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Figure 14. Percentage of the expected 3D position error of GPS (G) and GPS+QZSS (G+J) for four

baselines. The corresponding dash line indicates the error at 95% confidence level.
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Figure 15. Percentage of the expected 3D position error of GPS+Galileo (G+E) and GPS+Galileo
+QZSS (G+E+J) for four baselines. The corresponding dash line indicates the error at 95% confidence

level.

200 km. For troposphere and ionosphere difference, it should be estimated as the random
walk parameter in the Kalman Filter. A model of the troposphere and ionosphere constraint
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and random walk step is proposed in this contribution.

The analysis of the results proves that using QZSS, the satellite number and PDOP
value improve in the service region of QZSS, especially over Japan. Given that 3-4
satellites are always visible in Japan, the ADOP value convergences faster, which indi-

cates a faster convergence and AR performance for long baseline RTK.
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Using the data of GPS+Galileo+QZSS for different baseline lengths near Tokyo, long
baseline RTK results show that QZSS would improve the positioning accuracy and fixing
rate. The overall precision is better than 2 cm in the horizontal and 4 cm in the vertical in
RMS and the fixing rate is higher than 97%. In terms of the convergence performance,
the TTFF also improves with the contribution of QZSS, especially for the GPS-only case.
In addition, QZSS also benefits instantaneous long baseline RTK, which can achieve
decimeter positioning accuracy with a 95% confidence level using only one single epoch
data in combination with GPS+Galileo.

However, the results are based on four baselines analysis. Given that the difference,
especially in the case of the ionosphere varies in time and space. More data and analysis
should be conducted to obtain a more complete understanding of QZSS in long base-
line RTK. Nevertheless, this study has demonstrated the significance of the contribution
of QZSS in RTK. With a high elevation and long visible period of QZSS in Japan, the
contribution of QZSS is very promising in an urban environment, especially in the case of
an urban canyon.
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